Development of a Gas Sampling Technique for Determining Trace Elements in Submarine Volcanic Exhalations  by Merkel, B. et al.
 Procedia Earth and Planetary Science  4 ( 2011 )  50 – 56 
Available online at www.sciencedirect.com
doi: 10.1016/j.proeps.2011.11.006 
Research in Shallow Marine and Fresh Water Systems 
Development of a gas sampling technique for determining 
trace elements in submarine volcanic exhalations 
B. Merkela*, N.S. Kummera, B. Planer-Friedrichb,T. Pohlc, M. Schipeka
aTU Bergakademie Freiberg, Gustav Zeunerstr.12, 09599 Freiberg 
bUniversity Bayreuth, Universitätsstrasse 30, 95440 Bayreuth 
cGeo-Dive, Sachsenhofstr. 10, 09599 Freiberg 
Abstract 
Panarea is a submarine volcanic caldera between the active volcanoes Stromboli and Vulcano, Aeolian Islands, Italy. 
Many locations within the caldera at a water depth between 10 and 30 m are characterized by emissions of hot water 
(partly boiling) and gases (fumaroles). The fumaroles´ gas consists mainly of CO2 (96 to 99.5%) with H2S being the 
second most abundant component. To investigate trace gases and in particular aerosols, volatile metals, and 
metalloids like arsenic a technique was used which allows sampling tens and even hundreds of litres of gas. The 
sampling system is rather simple: a stainless steel funnel, a 100 m long PE hose with an inner diameter of 4 mm and a 
gas bag (10 to 80 litres). After sampling, the gas is pumped into a PTFE washing bottle containing NaOCl in supra 
pure water which is effectively oxidizing organic compounds like methylated metals, other reduced species, and 
aerosols. Determination of trace elements by ICP-MS follows. First results show a huge variety of elements present in 
the submarine volcanic gases and aerosols of submarine gas emissions at Panarea. 
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1. Introduction 
The volcanic island Panarea is located in the Tyrrhenian Sea north of Sicily. Together with six other islands and several 
seamounts it belongs to the Aeolian Archipelago, which is in total of volcanic origin [1]. The formation of the Aeolian Arc as well 
as its volcanic activity is related to the active subduction of the African continental plate below the Eurasian plate [2]. A submarine 
hydrothermal system is located about 2.5 km east off the coast of Panarea amongst several small islets, named Datillo, Bottaro,
Lisca Bianca, Panarelli, Lisca Nera  [1], which represent the remnants of a former crater rim [3, 4]. Today, the inner part of this 
crater forms a submarine plateau at water depths of 10 to 30 m and with an area of 2.3 km², where significant hydrothermal 
activities can be observed. The recent submarine volcanic activity is characterized by significant fumaroles and hydrothermal 
seepages at numerous sites at the seafloor. 
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Within the crater, six locations with interesting conditions were identified [5].These sites are close to 
each other with only a few hundred of meters in between, but with partially significant different hydraulic 
and chemical characteristics. 
2. Methods 
Gases escaping under water are commonly sampled by scuba divers using a funnel to capture the 
emitting gas [6]. A hand-held funnel made of stainless steel with a diameter of 20 cm, a height of 50 cm 
and a transparent gas trapping chamber made of PMMA (Acryl-glass) with a volume of 300 mL (Figure 
1) served for several years for gas sampling by the scientific diving centre (SDC) of TU Bergakademie 
Freiberg [7]. A bypass below the trapping chamber allows surplus gas to escape. For low amounts of gas 
the bypass may be closed. On top of the gas trapping chamber the gas flow to the sampling unit can be 
controlled by a 3-way valve made from PE. The transparent gas trapping chamber has the advantage that 
the scuba diver can visually control the gas water separation. By this it can be avoided to sample a gas-
water mixture which is extremely important.  
Fig.1. Stainless steel funnel with gas separation chamber, gas hose with 3-
way valve, and funnel during sampling 
Gas containers made from different materials e.g. 
stainless steel, glass, or PPMA may be used. Glass containers are commonly used for gas analysis but 
have the disadvantage of being rather brittle and not robust in field applications. Due to the buoyancy 
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effect sample volumes can not exceed the range of 1-2 liter or would require the utilization of 
counterweights. It has to be considered that gas in the bottle has an excess pressure of 0.1 MPa for each 
10 m depth: a gas sample taken at 40 meters will have a pressure of 0.5 MPa at the surface and a bottle 
with a volume of 1 Liter will contain 5 Liter of gas. The gas may be refilled in gas bags or in evacuated 
Giggenbach bottles [8] after submarine sampling. 
For sampling aerosols, volatile metals, and metalloids a sample volume of several tens of liters of gas 
is required due to rather low aerosol concentrations. Thus, we utilize a sampling technique by means of 
connecting a 100 m hose (4 mm inner diameter, PE) to the funnel and a gas bag (10 to 80 liters) on board 
of the diving boat. We have tested several types of automatic hose couplers, but found that all of them 
were not tight with respect to the surrounding water pressure. Thus more or less small amounts of 
seawater entered the hose. Only by using screw connections we could maintain gas sampling without 
contamination by ocean water. The water side of the hose is equipped with a 3-way valve to avoid water 
entering the hose before the hose is connected to the funnel at the gas sampling site. Instead of a gas bag a 
trapping unit can be connected directly to the hose on board of the diving boat. In this case it is 
recommended to use as well a gas flow meter calibrated to CO2.
Gas volumes sampled at Panarea using this method were between 1 and 10 Litre per minute depending 
on the fumarole sampled and water depth. Two to four gas samples can be taken during one dive 
depending on distance of fumaroles and depth. Communication between the scuba divers and the person 
on board can be easily done by using the hose as signal line (e.g. three pulls means that the gas bag is 
filled). This sampling technique can be used not only for aerosol sampling but as well for any other gas 
analysis (e.g. Giggenbach bottles, gas chromatography, isotope analysis, etc.). 
Volatile trace elements and aerosols were trapped by using a PTFE washing bottle filled with PTFE 
Raschig rings containing 100 ml of a NaOCl solution (diluted 1:10 with supra pure water) as strong 
oxidant to transform reduced species (e.g. methylated species) and aerosols into oxidized elements [9]. 
The gas flow was maintained to be ~100 ml per minute. By the smell of it, it was found that H2S as a 
major component (between 0.5 and 4 Vol%) was sometimes not completely transformed into its oxidized 
form. Therefore some other elements might not have been completely trapped. Trace elements were 
determined by ICP-MS (Thermo Fischer XSeries 2).  
Fig.2. Two fumaroles from Panarea with rather different gas volumes 
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3. Results
Sampling campaigns at the shallow submarine caldera Panarea (Aeolian Islands, Italy) took place in 
the period from 2006 to 2010. Diving sites are described by Sieland et al [7]. 
The concentrations of volcanic gases vary considerably from one volcano to the other. Water vapor is 
typically the most abundant gas, followed by carbon dioxide and sulfur dioxide. Volcanic gases include as 
well hydrogen sulfide, hydrogen chloride, and hydrogen fluoride. Trace gases are also found in volcanic 
emissions, such as hydrogen, noble gases, methane, alkenes, carbon-monoxide, and volatile metal 
chlorides and methylated metals and metalloids. However, in submarine fumaroles of Panarea water 
vapor is mostly scavenged by seawater and cooling and thus CO2 is the most abundant gas with 95 to 99 
% and H2S the second most abundant [10, 11]. Table 1 displays the minima and maxima of major and 
minor gas concentrations from different sites of Panarea. Methane and alkenes (C2H6 and C3H8) were 
found at concentrations below 1 Vol.%. Oxygen concentrations between 0.1 and 0.3 Mol.%. may be due 
to contamination during sampling. All gases shown in Table 1 were sampled by routine sampling with 
glass bottles directly connected to the funnel. 
Table 1. Minima and maxima of major and minor gas components sampled at submarine fumaroles of Panarea (2006 – 2010).  
  Minima Maxima Method 
CO2 Mol.% 96.0 99.5 GC (TCD) 
H2S Vol.% 0.2 4.0 Dräger tube 
CO ppm 10 80 Dräger tube 
O2 Mol.% 0.1 0.3 GC (TCD) 
CH4 Vol% 0.1 0.9 GC (FID) 
C2H6 Vol% 0.2 0.9 GC (FID) 
C3H8 Vol% 0.2 0.7 GC (FID) 
Rn Bq/L 1.3 24.0 Alpha-spectrometer 
Table 2 displays the minima and maxima of trace gases and aerosols from different submarine sites of 
Panarea. The concentration found in the NaOCl trapping solutions was used to calculate air 
concentrations in µg/m3 by means of the amount of gas trapped. The gas amount was determined with a 
precision of ± 5%. Taking into account different times for gas treatment after sampling and therefore 
different photochemical decay of volatile species a total precision of ± 30% is estimated. Contamination 
by seawater was excluded by comparing the concentrations of the elements found in the gas trapping 
solutions with their respective concentrations in seawater (Fig: 3).  
Fig 3. Scatter plot of ratio element / bromide for all 
elements determined in gas in comparison to sea water 
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All values in table 2 are corrected by the background value of the NaOCl. Depending on the total gas 
volume trapped for some elements only one value out of 15 samples was well above the background: e.g. 
for Th, Bi, Ga, and Ge. Rather high concentrations were found for Pb, but only at the vents of “Bottaro 
Nord”. On contrary, Pt was detected only at “Black Point”. The highest concentrations were detected for 
Ni, Fe, Cu, K, Zn, and Ba while As, Se and Sb is found only at trace levels.  
Table 2. Minima and Maxima of major and minor gas components at 5 submarine fumaroles of Panarea (2006 – 2009).
Element Unit Mini Max Element unit Min Max 
Li µg/m³ 4.0 79.5 Cd µg/m³ 4.0 28.0 
Be µg/m³ 0.4 0.4 In µg/m³ 0.4 0.6 
B µg/m³ 0.5 93.8 Sn µg/m³ 0.2 10.0 
Na µg/m³ 14.0 14.0 Sb µg/m³ 1.5 4.2 
Mg µg/m³ 18.0 296.0 Te µg/m³ 0.4 3.4 
Al µg/m³ 54.7 495.5 I µg/m³ 14.0 436.0 
Si µg/m³ 36.0 36.0 Cs µg/m³ 0.2 5.1 
K µg/m³ 125.0 7687.5 Ba µg/m³ 27.3 6636.0 
Ca µg/m³ 26.0 727.2 La µg/m³ 0.3 6.4 
P ppm 0.1 0.1 Ce µg/m³ 0.3 18.0 
Sc µg/m³ 2.0 2.0 Pr µg/m³ 0.4 2.1 
Ti µg/m³ 2.0 74.0 Nd µg/m³ 0.1 1.8 
V µg/m³ 2.0 2.2 Sm µg/m³ 0.2 0.7 
Cr µg/m³ 4.0 26.0 Eu µg/m³ 0.1 0.8 
Mn µg/m³ 4.8 34.0 Gd µg/m³ 0.4 0.5 
Fe µg/m³ 18.0 2492.8 Tb µg/m³ 0.2 0.2 
Co µg/m³ 0.2 62.0 Dy µg/m³ 0.1 0.1 
Ni µg/m³ 25.0 19984.0 Ho µg/m³ 0.9 0.9 
Cu µg/m³ 7.9 3928.0 Er µg/m³ 0.1 0.8 
Zn µg/m³ 27.3 684.0 Tm µg/m³ 0.4 0.4 
Ga µg/m³ 1.2 1.2 Yb µg/m³ 0.4 0.4 
Ge µg/m³ 0.8 8.0 Lu µg/m³ 0.4 0.8 
As µg/m³ 9.2 9.2 Hf µg/m³ 0.4 1.2 
Se µg/m³ 23.0 23.0 Ta µg/m³ 0.4 0.6 
Br µg/m³ 473.0 4166.7 W µg/m³ 0.2 3.0 
Rb µg/m³ 0.2 8.2 Re µg/m³ 0.1 0.4 
Sr µg/m³ 1.9 1389.8 Os µg/m³ 0.6 0.8 
Y µg/m³ 0.2 2.0 Pt µg/m³ 1.2 27.5 
Zr µg/m³ 0.8 87.6 Au µg/m³ 0.1 7.4 
Nb µg/m³ 0.2 0.4 Hg µg/m³ 0.8 0.8 
Mo µg/m³ 2.0 15.0 Pb µg/m³ 0.5 458.0 
Ru µg/m³ 0.2 1.4 Bi µg/m³ 1.2 1.2 
Pd µg/m³ 0.6 16.2 Th µg/m³ 0.2 0.2 
Ag µg/m³ 1.2 3.0 U µg/m³ 0.3 0.8 
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4. Discussion
The results, however, do not allow any conclusions about the original speciation of the respective 
elements in the gas phase. Further more we do see significant differences for sites and different behavior 
in time. The majority of all elements are volatized at temperatures of 800 to 1400 °C in a magma chamber 
[12] and many of them may be released from the magma in a CO2 dominated gas plume. Uplift of gas in a 
fractured volcanic rock saturated with ocean water may occur as coherent or non coherent flow pattern. 
However, assuming a depth of the magma chamber of 4 or 5 kilometers below Panarea it is rather likely 
that a coherent flow of gas occurs at certain sites and reaction time during the ascend is rather limited. 
Estimating of flow velocity of 4 m /s it results in 1.5 hours for the ascending gas. During ascending the 
gas will successively cool and some of the volatile elements will form aerosols.  
Discharge of metals from Stromboli determined by [13] using ground-based filter sampling of 
particulate matter in the volcanic plume showed that Stromboli contributes significantly to atmospheric 
pollution . Smaller particle sizes and high enrichment factors distinguish the most volatile elements (S, 
Se, Br, Cl, Cd, Bi, In, As, Sb, Sn, F, Au, Pb, Cr, Cu) from those strictly (Fe, Mn, REE, Sc, Sr, Th, Ti, V) 
or mainly (Al, Ba, Ca, Co, K, Na, U) derived from volcanic ash. Calculation showed that Stromboli is a 
representative emitter, responsible for 1-2% of the global volcanic budget of sulfur, halogens, and several 
trace metals, and 15-25% of volcanic emissions of Bi, Cd, Cs, Pb and Sn in southern Italy [13]. On 
contrary to the results of [13] this study found that Fe and Sr are significant components while the more 
volatile As, Se, Sb, Au where largely not present in the gas. Cl and F were not investigated in our study. 
Although global calculations are not possible with the data available it is likely that the submarine 
degassing of the Panarea is contributing significantly to an increase of trace metals in the sea water of the 
Mediterranean sea in the vicinity of the Aeolian islands. 
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